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A B S T R A C T

This paper presents a large experimental campaign and the corresponding analysis quantifying mortar curing
effects on the pull-out performance of bonded anchor systems. Standard confined pull-out tests were performed
on two commonly used adhesive anchor systems. The two investigated bonded anchor systems were based on
different materials, where the mortar of the first bonded anchor system (BAS-VE) was a vinyl-ester based
product and the second bonded anchor system (BAS-EP) contained an epoxy-based mortar. In order to isolate
the mortar curing effects on the anchor performance, a mature concrete was used as base material minimizing
well-known aging and curing effects related to the substrate, concrete. In total, 93 pull-out tests were performed
for various curing times in order to characterize influences on bond strength, stiffness, and peak displacement.
Depending on the product specifications and corresponding approval documents, tests were carried out in a
time-range of a few minutes up to three months after the anchor installations. Measured temperature (and
humidity histories) of the environment have been utilized for predicting the mortars’ degree of cure for each
structural anchor test. The results show a cure-dependent behavior in BAS-VE and BAS-EP. Although the bond
strength fails to increase significantly after reaching the manufacturer approved minimum curing time, the
stiffness shows an increase for longer cured anchors.
1. Introduction

Post-installed anchor systems are widely used in the construction
industry. Beside traditional, cast-in-place anchors, like headed studs,
post-installed anchors are a modern method, yet one of indispens-
able fastening methods in the structural engineering field. Advantages
of post-installed fasteners lie in the possibility of applying them for
retrofitting and rehabilitation purposes as well as using them as a
flexible and sustainable design and construction [1,2]. In general, me-
chanical post-installed anchors, like undercut- and expansion systems,
encompass a steel fastener inserted in a pre-drilled borehole in base-
material (concrete or brick-stone). In bonded anchor systems, a third
component is involved, namely an adhesive mortar. This setting is
mainly used for facades, tunnel and bridge constructions. In this three-
component bonded anchor system, the working principle relies on
bond, where the adhesive mortar layer transfers the load from the
steel rod to the concrete along the entire bonded length [2]. While the
apparent adhesion due to mechanical interlocking [3] provides limited
shear stress transfer only, gluing the steel rod to the concrete leads
to improved bond [4–6]. The installation of bonded anchor systems
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comprises straight-forward steps—these steps are also included in user
manuals from manufacturer of adhesive mortars. After drilling and
cleaning the borehole, the adhesive mortar is filled in and the threaded
bar is inserted. Material response varies in time, mostly because of
time-dependent effects like curing and aging. For the concrete response,
ample studies indicate a change in material response, mainly depending
on the hygro-thermal boundary conditions of the structure [7–14]. This
change is an increase in stiffness, quite substantial at an early age
and levels off at more mature ages. Numerical approaches exist that
capture aging related phenomena of concrete [12,15–19]. Reaching
accurate predictions of the design-life, a number of phenomena need
to be considered in concrete, caused by concrete-hydration [20], inter-
nal friction during deformation [21,22], mechanical response change
due to the loading rate [23,24] or concrete damage [8,18,25]. In
the fastening specific case, without involvement of adhesives, the age
and cure-dependency has been experimentally investigated in [26–30]
for undercut and headed studs. In the case of the adhesive mortar,
time-dependent changes in mechanical properties have been analyzed
950-0618/© 2022 Elsevier Ltd. All rights reserved.
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in [31,32] with the conclusion that both investigated adhesive ma-
terials (vinyl-ester-based and epoxy-based mortars) show significant
changes due to post-curing, hydrolytic effects, and phase change. More
experimental results on the mechanical response of polymer compos-
ite materials are reported in [33–35] for short- and long term [36],
respectively. The age of the concrete is only loosely regulated by cur-
rent design codes and approvals, as base-material for bonded anchors.
However, the minimum curing time of the mortar is recommended by
the manufacturer. The suggested curing times depend on the adhesive
material as well as manufacturer. In general, concrete as base-material
for fastening applications, must be older than 21 days and may not
exceed an age of 18 month to determine the bond properties of adhesive
anchor systems [29]. Beside the curing process, it is well known that
the involved materials – and in turn, the anchors’ system performance
– are affected by long-term phenomena [34,36,37] like creep and
shrinkage [29,38,39] Owing to the chemical hardening via crosslinking,
vinyl-ester based mortars reach their minimum curing time faster, at
around 1 to 2 h, while for epoxy based mortars it takes around 10
to 12 h at room temperature. Also the type of application plays a
role for the minimum curing time. A sizable range of applications
exists, from the typical installation of a threaded bar in concrete to
systems approved in brick-stones, for reinforcement connections, at
specific boundary conditions, like high and low temperatures, or for
applications in a humid environment or even under water use.

Overall, temperature highly affects the curing time of bonded an-
chor systems, since the curing rate depends on temperature. In this
study, we investigate two bonded anchor systems, BAS-VE and BAS-EP,
and analyze how the two bonded anchor systems perform in standard
confined pull-out tests at different times after installation. In order to
isolate the effects on the response coming from aging of the mortar, it is
necessary to minimize concrete aging effects by using a mature concrete
as base-material. In addition, for both adhesive mortars a numerical
model was developed in order to compute the degree of cure of the
adhesive for each individual pull-out test.

2. State of the art

The determination of the ultimate load capacity of bonded fasteners
in concrete is regulated by EAD 330499-01-0601 - BONDED FASTEN-
ERS FOR USE IN CONCRETE [40]. The corresponding technical report
(TR048 - Details of tests for post-installed fasteners in concrete) [41]
prescribes details for the two distinguished testing methods. In both
cases, a threaded rod, installed in an un-reinforced, un-cracked concrete
slab is loaded in tension until failure. The so called ‘‘unconfined test
setup’’ reproduces the anchor case at construction sites realistically,
since the supports allow an unrestricted formation of a concrete cone.
The confined test setup on the other side aims at avoiding concrete
cone failure and is governed by failure in or close to the mortar layer.
In order to generate this so-called pull-out’’ failure, the supports are
moved close to the anchor rod, leading to a ‘‘confinement’’. In general a
circular, confinement plate made from steel is positioned below the sup-
ports of the testing-machine in order to ensure a uniform confinement
stress distribution around the anchor rod. According to TR048 [41], the
confinement plate has to be stiff, and the area of support should avoid a
large compression of the concrete. The recommendation is to keep the
occurring compressive stresses below 70% of the concrete compressive
strength. This condition is achieved by the design of the outer diameter
of the plate. The diameter of the centered through-hole should have a
borehole-diameter 𝑑0 + 4 mm. Besides pull-out failure, there are other
failure modes [1]:

• steel failure in the anchor,
• concrete splitting failure,
• concrete breakout,
2

• and the combined pull-out and concrete failure. b
The mixed mode failure is a combination of concrete breakout at the
upper part along the anchor rod and pull-out failure at the bottom of
the anchor. This failure mode usually occurs in the unconfined test
setup [42].

For a better phenomenological understanding, it is possible to select
the concrete members as base-material, the anchor position, the anchor
rods dimensions, and material and tune the test setup in such a way
that a specific failure mode is triggered. In the real fastening situation,
reinforcement steel minimizes splitting of the base material. However,
confined pull-out tests are performed in un-reinforced concrete, where
manufacturer-recommended geometries and distances are adhered.

Over the last years a number of empirical models have been de-
veloped in order to estimate the pull-out capacity of fasteners, which
can be used for design [42,43]. The uniform bond model as in [2]
provides the best fit based on a large database of bonded anchors and is
recommended by current international standards to estimate the pull-
out capacity. In this model, the shear stress along the anchor is assumed
to be constant. Eq. (1) shows how the expected pull-out load 𝑁𝑢 [kN]
is calculated, based on the bonded length ℎ𝑒𝑓 [mm], the borehole
diameter 𝑑0 [mm], and the bond resistance, which is defined as the
bond strength 𝜏0 [MPa] of the adhesive anchor system, as follows:

𝑁𝑢 = 𝜏𝑜𝑑0𝜋ℎ𝑒𝑓 (1)

As an alternative, the anchor diameter, 𝑑, together with the related
bond strength, 𝜏, may be used in the equation, which shows an even
etter prediction [43]. An experimental validation in [44] indicates
hat 𝑑0 < 1.5𝑑 and 4.5 < ℎ𝑒𝑓∕𝑑 < 20 are necessary conditions to be
ulfilled.

. Materials used in experiments

In total the experimental campaign comprises 93 confined pull-
ut tests. The anchor tests were carried out by varying the curing
imes, which are compiled in Tables 6 and 7. The concrete proper-
ies alter over the age. We use such a model in order to check the
ignificance of concrete dependent response change. Two adhesive
ortars are involved in the investigations herein. In BAS-VE a vinyl-

ster based mortar is used, BAS-EP includes an epoxy-based mortar.
heir characteristics are fundamentally different.

.1. Anchor type

Both investigated bonded anchor systems comprised M16 threaded
ars made from 10.9 steel class as fastening elements. The design of the
hreaded rods was based on the uniform bond model (1), such that steel
ailure is avoided. Furthermore, this model allows to estimate the pull-
ut capacity of the corresponding anchor geometry and configuration.
he required bond strength values, 𝜏, were informed by experiences
ade in previously performed experimental tests on the vinyl-ester

nd epoxy based anchor systems and lead to a bonded length ℎ𝑒𝑓 of
0 mm for BAS-VE and 64 mm for BAS-EP, respectively. Fig. 1 shows a
chematic sketch of the bonded anchor systems with the corresponding
onded lengths . Both bonded lengths represent the minimum approved
engths ℎ𝑒𝑓 .

.2. Vinyl-ester mortar (BAS-VE)

The vinyl-ester mortar comprises a dibenzoyl peroxide hardener.
he inorganic filler material – mainly quartz and cement – is of a
elatively high amount around 20 to 50 vol-% [31]. The curing ki-
etics are quick. Table 1 gives an overview of the manufacturer ap-
roved minimum curing times at the corresponding temperatures of the

ase-material.
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Fig. 1. Bonded length ℎ𝑒𝑓 for BAS-VE: 80 mm and BAS-EP: 64 mm.

Table 1
Manufacturer approved curing times for BAS-VE.

Temperature range Curing time 𝑡cur

−5 - ±0 ◦C 24 h
+1–+5 ◦C 3 h
+6–+10 ◦C 90 min
+11–+20 ◦C 60 min
+21–+30 ◦C 45 min
+31–+40 ◦C 35 min

Table 2
ETA approved curing times for BAS-EP.

Temperature range Curing time 𝑡cur.ini Curing time 𝑡cur.full

5 ◦C–9 ◦C ≥18 h ≥72 h
10 ◦C–14 ◦C ≥12 h ≥48 h
15 ◦C–19 ◦C ≥8 h ≥24 h
20 ◦C–29 ◦C ≥6 h ≥12 h
30 ◦C–39 ◦C ≥4 h ≥8 h
40 ◦C ≥2 h ≥4 h

Table 3
Manufacturer approved curing times for BAS-EP.

Temperature range Curing time 𝑡cur.ini Curing time 𝑡cur.full

−5 ◦C - −1 ◦C ≥36 h ≥72 h
0 ◦C–9 ◦C ≥25 h ≥50 h
10 ◦C–19 ◦C ≥12 h ≥24 h
20 ◦C–29 ◦C ≥6 h ≥12 h
30 ◦C–39 ◦C ≥4 h ≥8 h
40 ◦C ≥2 h ≥4 h

3.3. Epoxy mortar (BAS-EP)

The used, commercially available, epoxy mortar is a compound of a
polymer matrix with a relatively high amount inorganic, broken fillers.
For enhancing product properties different filler materials are mixed in
the mortar. The mortar is based on a bisphenol A/F epoxy resin with
an amine hardener. [31]

Tables 2 and 3 show the curing times specified by the manufac-
turer’s manual for BAS-EP. The minimum curing times in Table 2 are
declared as approved by ETA, while the minimum curing times reported
in Table 3 are slightly different and adequate only in a dry base-
material. Different to BAS-VE, the manufacturer of BAS-EP specifies a
minimum ‘‘initial’’ curing time, 𝑡cure,ini, and a minimum ‘‘full’’ curing
ime, 𝑡cure,full, in the corresponding installation manual.

.4. Concrete

All pull-out tests were performed on two concrete slabs cast from
ne batch. These concrete members had a length 𝐿=2500 mm, a
3

Table 4
Concrete mix design.

Mix design parameters Units Concrete

Cement [kg/m3] 275.20
Cement type [–] CEM II 42.5 N

Coarse aggregate type [–] limestone
Aggregate shape [–] round
Max. aggregate Size [mm] 16
Fine aggregates 0–4 mm [kg/m3] 1236.90
Total amount aggregates [kg/m3] 2067.00

Water [kg/m3] 173.70
Superplasticizer [kg/m3] 1.65
Retarder [kg/m3] 1.37

Water cement ratio 𝑤∕𝑐 – 0.63
Aggregate cement ratio 𝑎∕𝑐 – 7.51

width 𝑊 =1000 mm, and a thickness 𝐻=300 mm. After casting, the
labs were stored outside the laboratory, close to each other. 24 h
efore the anchor installation, they were moved inside the laboratory.
nvironmental conditions, like temperature and humidity, were fully
ecorded from the time of casting until the end of the campaign. Table 4
hows the detailed concrete mix design.

As reported in [12,28] concrete curing leads to quite significant
hanges in the concrete properties and pull-out capacity on mechanical
nchors. It is obvious that concrete related curing effects may mask the
ure-dependent changes in the adhesive mortar. This situation leads
hen to smeared out effects on the system response and makes an anal-
sis very challenging. Luckily we know from observations in [7] that
ure-dependent property changes occur especially at young concrete
ges and die out for older concretes.

In order to remove effects related to concrete aging, a mature
oncrete member is used, hopefully minimizing the concrete specific
ging effects. Specifically, the installation of the bonded anchors was
one in an age range from 351 to 391 days after concrete casting.
urthermore, in order to ensure that the chosen age was adequate, a full
oncrete characterization was performed at different concrete ages. 28
ays after casting the compression tests were performed on concrete
ubes, while the full characterization by means of cube compressive
trength, 𝑓𝑐𝑢, cylinder compressive strength, 𝑓𝑐𝑦, Brazilian splitting
ndirect tensile strength, 𝑓𝑡,𝐵 , and elastic modulus, 𝐸, were carried
ut at a concrete age of 36 days. In addition, the full characterization
as repeated 85 and 273 days after casting. Cubical and cylindrical

pecimen for concrete characterization were stored next to the slabs as
equested in [40] to ensure equal curing conditions. Aging functions
eported in Eurocode [45] and modelcode [46] were used for estimat-
ng the aforementioned concrete properties at the specific age when the
ull-out tests were performed (Eq. (2)).

c = 𝑓c,28 exp
(

𝑠(1 −
√

28∕𝑡)
)

, (2)

The parameter 𝑠, which according to Eurocode 2 depends on the
cement type, was fitted on the experimental characterization values and
used for the estimation of the corresponding properties at 351 and 478
days of concrete age. Table 5 summarizes the experimentally obtained
and the estimated (*) properties for the considered concrete ages. In
order to validate the proposed aging function, the concrete properties
were calculated for a concrete age of 84 and 274 days based on the
28 and 36-day values. As seen in Table 5, experimentally determined
and calculated values for 84 and 274 days show good agreement.
Comparing the properties between each other, for the ages where pull-
out tests were carried out, we conclude that aging effects indeed were
insignificant within the time-range of the test campaign.

4. Experiments

For BAS-VE 54 tests and BAS-EP 39 tests were carried out in total.
In order to avoid influences from local properties in the concrete slab,
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Table 5
Summary of concrete properties from different specimens and ages. Prediction according to Eurocode aging functions. (*...predicted)

Concrete age 𝑓𝑐𝑢 𝑓𝑐𝑦 𝐸 𝑓𝑡,𝐵
Days MPa MPa GPa MPa

s 0.22 0.15 0.16 0.27

28 36.99 ± 1.20% - - -
36 - 39.34 ± 2.10% 32.09 ± 4.30% 4.20 ± 5.20%
84 40.77 ± 1.80% 41.35 ± 4.20% 33.06 ± 4.20% 4.70 ± 3.30%
84 40.66* 41.25* 33.49* 4.61*
232 42.68 ± 1.18% - - -
274 - 42.76 ± 3.70% 35.05 ± 9.00% 4.90 ± 3.60%
274 43.03* 42.88* 34.91* 4.94*
351 43.39* 43.12* 35.11* 4.99*
478 43.77* 43.38* 35.34* 5.04*

*Predicted.
Table 6
Overview of pull-out tests for BAS-VE at different curing times.

Label Repetitions Label Repetitions

BAS-VE_8min 1 BAS-VE_10h 1
BAS-VE_12min 1 BAS-VE_12h 1
BAS-VE_15min 1 BAS-VE_14h 1
BAS-VE_22min 1 BAS-VE_15h 1
BAS-VE_30min 1 BAS-VE_16h 1
BAS-VE_45min 2 BAS-VE_20h 2
BAS-VE_60min 1 BAS-VE_22h 1
BAS-VE_90min 1 BAS-VE_1d 5
BAS-VE_100min 1 BAS-VE_4d 5
BAS-VE_120min 1 BAS-VE_1w 5
BAS-VE_180min 1 BAS-VE_3w 1
BAS-VE_200min 1 BAS-VE_1m 5
BAS-VE_4h 1 BAS-VE_3m 5
BAS-VE_4.5h 1
BAS-VE_5h 2
BAS-VE_6h 1
BAS-VE_7h 1
BAS-VE_8h 1

Table 7
Overview of pull-out tests for BAS-EP at different curing times.

Label Repetitions Label Repetitions

BAS-EP_3.5h 1 BAS-EP_14h 1
BAS-EP_4h 1 BAS-EP_15h 2
BAS-EP_4.5h 1 BAS-EP_16h 1
BAS-EP_5h 1 BAS-EP_18h 1
BAS-EP_5.5 1 BAS-EP_20h 1
BAS-EP_6h 1 BAS-EP_22h 1
BAS-EP_6.5h 1 BAS-EP_1d 5
BAS-EP_7h 1 BAS-EP_1w 5
BAS-EP_8h 1 BAS-EP_1m 5
BAS-EP_10h 1 BAS-EP_3m 5
BAS-EP_12h 1
BAS-EP_13h 1

the different tests were randomly distributed on two concrete slabs
of the same batch, while minimum edge distances (BAS-VE: 65 mm,
BAS-EP: 50 mm) and minimum spacing values (BAS-VE: 65 mm, BAS-
EP: 75 mm) were adhered to prevent edge effects and impacts from
neighboring tests.

4.1. Anchor installation

24 h before installation, the concrete slabs were put inside the
laboratory. To ensure a sufficient temperature of the base material,
approved by manufacturers, the core temperature of the slabs was mea-
sured by a thermocouple type K. Before installation of the first anchors,
the core temperature was already beyond 20◦C. The anchor installation

as systematically performed by following the manufacturer specific
pproval guidelines. After drilling the borehole by using a rotary ham-
4

er drill-bit, the borehole was cleaned according to manufacturer
Fig. 2. Confined test setup.

guidelines. With the help of a drill stand, the borehole-axis was ensured
to be perpendicular to the concrete surface. After the boreholes were
cleaned for installation, the mortar was injected into the borehole, from
the bottom to the top to avoid bubbles in the mortar. Bubbles may alter
the pull-out capacity by an unknown extent. Subsequently, the threaded
bar was pressed inside the borehole accompanied by a rotation, this
helical motion distributes the mortar along the bar adequately.

4.2. Testing procedure

All tests were performed following the EAD guidelines [40] An
overview of the confined pull-out setup is shown in Fig. 2.

The round confinement-plate prevents the concrete slab from lifting
during the test. This 25 mm thick steel plate has an outer diameter of
115 mm, and a center-hole-diameter of 22 mm. In all tests, the load, 𝑁 ,
was applied consistently at the top of the bonded anchor, at a distance
of 100 mm from the concrete surface, to ensure full comparability of the
results. To minimize bending-moment influences, a spherical coupling
was used between machine-actuator and anchor connection. The tests
were performed under quasi-static loading by a 630 kN servo-hydraulic
jack, while a linear variable differential transducer (LVDT) was used to
ensure the test-stability by prescribing a constant displacement rate of
0.01 mm/s, to reach the peak within 1 to 3 min. A close position of
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the differential transducer to the concrete surface reduced the danger
of snap-back during the test. In addition, a second LVDT was mounted
to the steel-grip, to measure the displacement on the second side. For
an increased accuracy in measuring the actual anchor response, LVDT 1
and LVDT 2 were simultaneously recorded and their mean value was
later used in analysis.

4.3. Default curing times

Two bonded anchor systems, BAS-VE and BAS-EP, comprising dif-
ferent mortar materials were investigated. Referring to the fully
recorded temperature history during the campaign, reaching from 21◦C
o 30◦C, the minimum approved curing times are defined at 45 min
or BAS-VE and 12 h for BAS-EP. Curing times at specific temperature
alues are reported in Table 6 for BAS-VE and in Table 7 for BAS-EP.
eside the approved tests, which were performed respecting the given
anufacturer times, ample tests were intentionally performed neglect-

ng the minimum curing time, in order to establish a cure-dependent
ataset. These testing times reached from the earliest possible to the
inimum approved curing time and beyond to a maximum age of 3
onth. For BAS-VE the first test was carried out 8 min after installation.

or BAS-EP the first test could be performed 3.5 h after installation.
his difference is the result of differences in the curing kinetics of
inyl-ester based thermoset BAS-VE and epoxy based thermoset BAS-
P. Due to logistical limitations, for both anchor systems single tests
ere performed at predefined curing times, reaching from the shortest

uring time possible up to 22-hour tests.
For BAS-VE, 28 single tests were performed up to a curing time

f 22 h. The curing differences for the young ages (<5 h) were in
4-to-60-minute range and the tests performed after 5 h had 60-to-

20-minute steps. To investigate the scatter and determine unknown
ong-term trends, at 1 day, 4 days, 1 week (7 days), 1 month and 3
onths; 5 repeating pull-out tests were performed. Table 6 gives a
etailed overview of all performed pull-out tests at the given curing
imes for BAS-VE.

BAS-EP comprised 19 single tests up to a curing time of 22 h, where
he time-steps were increasing by half an hour for the young ages (3.5
o 7 h) and in steps of one or two hours for the more mature curing
imes (7 to 22 h). Additionally, at 1 day, 1 week (9 days), 1 month and
months; 5 test repetitions were carried out. Table 7 summarizes the

etailed curing times for BAS-EP.

.4. Temperature and humidity recordings

Over the whole time of the experimental campaign, ambient tem-
erature and humidity were recorded next to the concrete slabs. Fur-
hermore, thermocouples were installed into pre-drilled boreholes and
hen sealed in order to record the core temperature in a depth of around
0 mm. Hence, temperature of the concrete member was measured
uring the anchor installation and the pull-out procedure. Fig. 3 sum-
arizes the temperature history including both the core temperature

plotted in black) and ambient temperature (green). It is noted that
lthough both temperature-histories are close, the ambient temperature
xceeded the core temperature by as much as +8.5◦C. This value was
easured before anchor installation on 2020-05-26 16:14. The contrary
aximum deviation, when ambient temperature was 5.89 degree below

ore temperature, was detected on 2020-07-03 08:22. The blue circles
ark the installation points and the red dots label the instant of the

nchor tests. In spite of the big temperature drop on September 2020,
hich occurred before the last tests, no influences on the pull-out tests
re expected, since the base-material concrete had already reached a
ery mature age at this point in time (474 days). Detailed information
y means of the temperature and humidity at installation and testing
s provided in the Annex (Tables 10, 11, 12 and Fig. 7).
5

.5. Mortar curing and modeling degree of cure

In both investigated bonded anchor systems, thermosetting poly-
ers are applied. To unify the experimental results independent of

he temperature, modeling the degree of cure of these thermosetting
olymers allowed to map time at a variable temperature into a curing
egree evolution. Vinyl-ester based and epoxy based, so-called two
omponent thermosetting polymers are adiabatic catalytic systems.
ith mixing the two components curing starts as an exothermal reac-

ion. The produced heat is then used to continue the curing process.
his reaction stops once curing is completed. Curing is a hardening
rocess linked to crosslinking between polymer chains. The process of
uring can be observed either experimentally [47], or numerically. We
efer to [48] for a general framework of modeling and computational
mplementation in thermo-mechano-chemical processes.

Different modeling approaches exist, for example in mechanical
haracterization [49], thermomechanical consideration [50], especially
elow the gel point [51,52], or considering aging [53,54] along the
uring process. Beside simple linear models, various models have
een investigated by exploiting numerical multi-scale approaches [55–
7]. In addition, multiphysics approaches with numerical implementa-
ions [58] are developed for thermo-setting materials assuming small
59,60] or large displacements [61–63], which have been applied in
everal applications [64–66], where the curing process took place in
ontrolled environmental conditions.

Especially with crosslinking beyond a so-called gelation point, the
ore structured polymer chains act stiffer. This hardening process

auses shrinkage leading to residual stresses [67] and can be measured
hile the liquid resin increases its viscous response until the gelation
oint. Beyond that a solid is formed and moduli are measured. This
rocess is often characterized by a degree of cure, 𝜙, between 0 and

1. Modeling of this process is based on theory of mixtures, where
hardened and yet to be hardened phases constitute the material. The
degree of cure, 𝜙, denotes the ratio of hardened material in the bulk.
ts change in time is modeled by an evolution equation and a cou-
led thermomechanical simulation is possible with material equations
erived by using principles of thermodynamics [48,60,68]. Modeling
he evolution equation for the degree of cure is based on the type of
hemical reaction kinetics. Based on the vinyl-ester material, BAS-VE
onsists of autocatalysis and impurity catalysis. Reaction kinetics [69]
ased on an autocatalysis mechanism leading to a so-called Kamal’s
quation [70], as follows:

𝜙• = (𝑘1 + 𝑘2𝜙
𝑚)(1 − 𝜙)𝑛 ,

1 = 𝐴1 exp
(

−
𝐸1
𝑅𝑇

)

, 𝑘2 = 𝐴2 exp
(

−
𝐸2
𝑅𝑇

)

.
(3)

Kinetic rate coefficients, 𝑘1 and 𝑘2, are modeled by 𝐴1, 𝐸1 and 𝐴2, 𝐸2,
respectively. As usual, an Arrhenius relation is utilized with the gas
constant 𝑅 = 8.314 J/(mol K). Catalysis is a chemical process modeled
by power laws, 𝑚 and 𝑛 are parameters to be determined. We refer
to [71, Table 1] for a collection of such parameters.

For BAS-EP, Kamal’s equation is insufficient for modeling [72,73].
Here, a so-called glass transition temperature, 𝑇g, affects the material
response. In the case of decreasing temperature, the material goes from
a rubbery state to a glassy state. Below and above glass transition tem-
perature, different mechanisms dominate the curing process. Mainly
the model is based on the assumption that diffusive and chemically
steered mechanisms act together [74], which are introduced by [75]
based on phenomenological observations combined with the free vol-
ume reduction during curing. In the glassy state, the diffusion rate
approaches zero with respect to the chemical rate. As is the nature of
an autocatalytic reaction, the process never stops, but practically the
rate is zero, which is called a partial freeze or vitrification. The glass
transition temperature is modeled accurately by a fit function, depend-
ing only on the temperature [76], based on calorimetric measurements.
We follow [77,78] and use

𝑇g = exp
( (1 − 𝜙) ln(𝑇g,0) + 𝛥𝐶𝜙 ln(𝑇g,∞))

, (4)

(1 − 𝜙) + 𝛥𝐶𝜙



Construction and Building Materials 362 (2023) 129554S. Meißl et al.

p
l

t
k

k
𝐾
s

Fig. 3. Recorded core (black)- and ambient (green, largely overlapping the core temperature) temperature history during full campaign. The blue circles mark the installation
oints and the red dots label the instant of the anchor tests. Enlarged figures are provided in the Annex 8(a), 8(b), 8(c). (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)
Table 8
Experimental response by means of pull-out force, bond strength, secant stiffness (determined between 30 and 60% of ultimate load) and
displacement@peak for BAS-VE.

Label Repetitions Pull-out force Bond strength Stiffness Displacement
𝑁exp. 𝜏exp. 𝐾 @peak
kN MPa kN/mm mm

BAS-VE_8min 1 66.28 16.48 71.51 1.38
BAS-VE_12min 1 71.50 17.78 65.00 1.45
BAS-VE_15min 1 83.23 20.70 73.09 1.71
BAS-VE_22min 1 81.52 20.27 74.34 1.42
BAS-VE_30min 1 85.92 21.37 83.93 1.81
BAS-VE_45min 2 76.38 ± 16.96% 18.99 ± 16.96% 82.63 ± 10.69% 1.24 ± 1.40%
BAS-VE_60min 1 91.34 22.71 88.98 1.39
BAS-VE_90min 1 89.40 22.23 84.30 1.29
BAS-VE_100min 1 76.77 19.09 79.50 1.23
BAS-VE_2h 1 83.82 20.84 86.00 1.23
BAS-VE_3h 1 87.25 21.7 82.21 1.34
BAS-VE_200min 1 87.47 21.75 89.25 1.20
BAS-VE_4h 1 89.17 22.17 88.21 1.22
BAS-VE_4-5h 1 82.17 20.43 89.49 1.18
BAS-VE_5h 2 83.57 ± 9.23% 20.78 ± 9.23% 96.47 ± 4.90% 1.06 ± 5.08%
BAS-VE_6h 1 77.02 19.15 96.47 0.98
BAS-VE_7h 1 86.53 21.52 88.13 1.16
BAS-VE_8h 1 94.77 23.57 98.20 1.16
BAS-VE_10h 1 91.56 22.77 81.14 1.30
BAS-VE_12h 1 95.19 23.67 102.18 1.33
BAS-VE_14h 1 82.89 20.61 79.01 1.51
BAS-VE_15h 1 99.94 24.85 97.59 1.24
BAS-VE_16h 1 102.88 25.58 93.22 1.17
BAS-VE_20h 2 102.80 ± 3.57% 25.56 ± 3.57% 98.23 ± 17.36% 1.20 ± 16.45%
BAS-VE_22h 1 96.84 24.08 100.23 1.16
BAS-VE_1d 5 89.28 ± 12% 22.20 ± 12% 93.50 ± 8.60% 1.12 ± 6.75%
BAS-VE_4d 5 86.36 ± 11.35% 21.48 ± 11.35% 99.42 ± 4.09% 1.07 ± 9.76%
BAS-VE_1w 5 90.66 ± 6.70% 22.54 ± 6.70% 92.31 ± 10.84% 1.22 ± 15.62%
BAS-VE_3w 1 103.71 25.79 129.28 0.94
BAS-VE_1m 5 93.49 ± 8.7% 23.25 ± 8.70% 119.71 ± 12.76% 0.97 ± 17.16%
BAS-VE_3m 5 87.85 ± 11.17% 21.85 ± 11.17% 126.33 ± 16.85% 0.99 ± 20.07%
with 𝛥𝐶 = 𝛥𝑐∞∕𝛥𝑐0 as the ratio of the heat capacity change at the glass
ransition. Mobility plays a dominant role in the rubbery state and the
inetic rate is so high, we practically observe hardening solely above 𝑇g.

As introduced in [77], we use only primary and secondary amines via
autocatalysis and impurity catalysis (denoted by 𝑐 in index), collective
inetic rates, 𝐾1, 𝐾1𝑐 , which involve a diffusion controlled mechanism,
diff, as well as a chemically steered mechanism, 𝐾1,chem, 𝐾1𝑐,chem, as
6

uggested in [79]. Finally, we acquire the following evolution equation:
𝜙• = 𝐾1(1 − 𝜙)2
(

𝜙 +
𝐾1𝑐
𝐾1

)

,

1
𝐾1

= 1
𝐾1,chem

+ 1
𝐾diff

, 1
𝐾1𝑐

= 1
𝐾1𝑐,chem

+ 1
𝐾diff

,

𝐾1,chem = 𝐴3 exp
(

−
𝐸3
𝑅𝑇

)

, 𝐾1𝑐,chem = 𝐴4 exp
(

−
𝐸4
𝑅𝑇

)

,

𝐾diff = 𝑘𝑇g exp
( 𝐶1(𝑇 − 𝑇g)
𝐶2 + |𝑇 − 𝑇g|

)

.

(5)
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Table 9
Experimental response by means of pull-out force, bond strength, secant stiffness (determined between 30 and 60% of ultimate load) and
displacement@peak for BAS-EP.

Label Repetitions Pull-out force Bond strength Stiffness Displacement
𝑁exp. 𝜏exp. 𝐾 @peak
kN MPa kN/mm mm

BAS-EP_3-5h 1 24.96 7.76 1.00 28.59
BAS-EP_4h 1 53.65 16.68 23.25 4.08
BAS-EP_4-5h 1 73.32 22.79 100.48 1.80
BAS-EP_5h 1 84.56 26.29 91.58 1.90
BAS-EP_5-5h 1 90.84 28.24 105.56 0.96
BAS-EP_6h 1 102.20 31.77 104.12 1.10
BAS-EP_6-5h 1 105.82 32.90 103.89 1.02
BAS-EP_7h 1 114.30 35.53 108.96 1.11
BAS-EP_8h 1 111.84 34.76 102.88 1.20
BAS-EP_10h 1 121.16 37.66 115.30 1.10
BAS-EP_12h 1 119.41 37.12 101.33 1.25
BAS-EP_13h 1 109.00 33.88 84.38 1.47
BAS-EP_14h 1 126.32 39.27 106.06 1.26
BAS-EP_15h 2 126.06 ± 0.76% 39.19 ± 0.76% 107.91 ± 0.18% 1.21 ± 6.33%
BAS-EP_16h 1 126.83 39.43 112.27 1.20
BAS-EP_18h 1 128.52 39.95 112.76 1.18
BAS-EP_20h 1 126.12 39.20 121.09 1.11
BAS-EP_22h 1 126.44 39.30 116.83 1.16
BAS-EP_1d 5 123.21 ± 2.57% 38.30 ± 2.57% 101.57 ± 6.93% 1.26 ± 7.17%
BAS-EP_1w 5 128.86 ± 5.65% 40.06 ± 5.65% 102.67 ± 9.28% 1.36 ± 10.86%
BAS-EP_1m 5 124.15 ± 2.47% 38.59 ± 2.47% 139.04 ± 10.14% 1.03 ± 14.85%
BAS-EP_3m 5 126.11 ± 2.14% 39.20 ± 2.14% 137.97 ± 11.12% 1.06 ± 9.22%
Fig. 4. Evolution of the cure-dependent capacity by means of bond strength for BAS-VE and BAS-EP. (Vertical gray lines represent the manufacturers’ suggested minimum curing
imes. For BAS-EP the manufacturer defines a ‘‘initial’’ and a ‘‘full’’ curing time). (For interpretation of the references to color in this figure legend, the reader is referred to the
eb version of this article.)
he diffusion rate, 𝐾diff, is modeled by the Williams–Landel–Ferry
WLF) equation in the rubbery regime. This rate is greater than the
hemical rate, 𝐾chem, in several orders in magnitude. By using standard
echniques and a Digital Scanning Calorimeter (DSC), all parameters
re determined.

. Results and discussion

By using the complete experimental data from the structural pull-
ut tests, we investigate the influence of curing time, thus, degree of
ure, on the system response characterized by pull-out capacity, bond
trength, secant stiffness (determined between 30 and 60% of ultimate
oad), and displacement at peak. In Tables 8 and 9, the experimental
esults for the tests on BAS-VE and BAS-EP respectively, are provided.
7

It is noted, that the large deformation for BAS-EP_3-5h of 28.59 mm
comes from the low modulus at a very early mortar age.

5.1. Corrections: Elastic deformation

Since the focus of the current investigation was the influence of the
bond behavior, the elastic deformations of the involved parts outside
the concrete were removed from the anchor response. Specifically, the
elastic strain of the outer part of the threaded bar 𝛿𝑇𝐵 and the setup
parts (confinement plate and setup-support-plate) 𝛿𝐶𝑆𝑃 were calculated
to retrieve the elongation according Eq. (6) and (7), respectively and
subtracted from the experimental displacement 𝛿𝑒𝑥𝑝 in (8).

𝛿𝑇𝐵 =

(𝑁exp
𝐴𝑇𝐵

)

𝑙𝑇𝐵 (6)

𝐸𝑇𝐵
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Fig. 5. Evolution of the cure-dependent stiffness and displacement at peak for BAS-VE and BAS-EP. (Vertical gray lines represent the manufacturers’ suggested minimum curing
times. For BAS-EP the manufacturer defines a ‘‘initial’’ and a ‘‘full’’ curing time). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
𝛿𝐶𝑆𝑃 =

(𝑁exp
𝐴𝐶𝑃

)

𝐸𝐶𝑆𝑃
ℎ𝐶𝑆𝑃 (7)

𝛿𝑐𝑜𝑟 = 𝛿exp − 𝛿𝑇𝐵 − 𝛿𝐶𝑆𝑃 (8)

The Young’s modulus of the threaded bar, 𝐸𝑇𝐵 , was experimentally
determined in tension tests which confirmed 210 GPa.

5.2. Evolution of the cure-dependent capacity

Cure-dependent capacity is reported by means of the bond strength
that is calculated by the uniform bond model (1). In Fig. 4(a) the bond
strength of BAS-VE, the vinyl-ester based system, is plotted against the
mortar curing time. It is clearly seen that the bond strength values
converge promptly. For the very early curing times (tests 8 and 12 min
after installation) the bond strength reaches already 78% of the total
mean value of all tests (21.97 MPa). Even before reaching the vertical
gray line that marks the minimum suggested curing time, the bond
strength is already in the range of the tests performed on fully cured
8

systems. The minimum curing time of 45 min is recommended by the
manufacturer for a temperature range of the base material between
21–30◦C. The bond strength shows a slight increasing, but insignificant
trend, after passing a curing time of 15 min. This observation leads to
the conclusion, that already 12 to 15 min after the anchor installation,
almost the full capacity of the anchor is developed and there is no
further significant increase visible.

BAS-EP, the epoxy based system, (Fig. 4(b)) shows a quite different
result when the bond strength values are plotted against the curing
time. In Fig. 4(b) the bond strength values for curing times (less than
12 h) clearly develop with increasing curing time and can be captured
by a power-law function. The dashed vertical gray line marks the
manufacturer-specified ‘‘initial curing time’’ (6 h) and the solid vertical
gray line represents the ‘‘full curing time’’ (12 h) at a temperature range
of 20 ◦C to 29◦C. After the curing time passes, a plateau is visible and
the bond strength shows no statistically significant changes in time. We
conclude that a safe bond strength value is reached, as described by the
manufacturer, at the defined ‘‘full curing time’’ (solid gray line).
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Fig. 6. System response dependency on degree of cure, 𝜙.
5.3. Evolution of the cure-dependent stiffness and displacement

For BAS-VE, we present a cure-dependent increase of the system
stiffness, 𝐾, in Fig. 5(a). This trend is captured by a power-law function.
While the difference in stiffness is small for the 1-day and the 7-day
tests, a quite substantial increase for the 28-day and 90-day tests is
visible. Fig. 5(c) shows a decreasing trend of the displacement at peak
(pull-out capacity) with an increasing curing time, following the given
power-law function.

In order to capture the system stiffness, 𝐾, of BAS-EP, see Fig. 5(b),
wo power law functions have to be used subsequently. While the
tiffness values for very early curing times (before reaching the ‘‘initial
uring time’’, dashed gray line) grow substantially, the tests close to
he ‘‘initial curing time’’ reach a stable value, which does not show
significant increase up to tests at a curing time of one week. Tests

erformed 28 and 90 days after installation again show an increased
tiffness albeit developing at a different rate, suggesting a different
echanism. Since the adhesive mortar at an age of 1 and 3 months

eached, according to the simulation by the curing model, (almost)
9

the fully cured state (𝜙1𝑚 = 0.9913 after 1 month, 𝜙3𝑚 = 1 after 3
months), we assume that the visible increase of the stiffness is not
caused by curing. One explanation for the increase in stiffness might lie
in long term phenomena related to an uptake (BAS-EP) or loss (BAS-
VE) of water as well as solvents in the adhesive mortar, which could
be observed in [31,80]. Singer et al. [31] detected weight changes
and hydrolytic effects of both adhesives, which lead to changes of the
mechanical properties. For vinyl-ester (used in BAS-VE) desorption of
water was found, which leads to an increase of the Young’s Modulus
and might be one part of the explanation of the increasing stiffness.
The epoxy-based material (BAS-EP) showed water absorption, which
caused a slight reduction in the Young’s Modulus.

In Fig. 5(d) the displacement at peak is plotted against the curing
time for BAS-EP. It is noticed, that the displacement at peak is first
increasing and later decreasing with an increasing curing time. Overall,
the measurements at 7 days seem to represent outliers as they are
inconsistent with the overall trend and the results obtained on pure
material tests.



Construction and Building Materials 362 (2023) 129554S. Meißl et al.

r
t
a
s
s
o
a

s
s
𝜙
l
s
r
t
c
s
c
a
i
p
s

6

t

Table 10
Part 1.

Label Date Time Temp Humidity Date Time Temp Humidity
DD:MM HH:MM ◦C % DD:MM HH:MM ◦C %

INSTALLATION TEST

BAS-VE_8min 05.06. 18:05 23.35 51.50 05.06. 18:13 23.33 51.50
BAS-VE_12min 06.07. 10:37 28.00 51.00 06.07. 10:49 28.03 51.00
BAS-VE_15min 27.05. 08:40 20.33 51.00 27.05. 08:55 20.39 51.00
BAS-VE_22min 06.07. 11:17 28.05 50.00 06.07. 11:39 28.10 47.50
BAS-VE_30min 27.05. 10:24 20.72 50.00 27.05. 10:54 20.87 50.50
BAS-VE_45min 27.05. 08:42 20.34 51.00 27.05. 09:27 20.50 51.00
BAS-VE_45min 05.06. 18:05 23.34 51.50 05.06. 18:47 23.39 51.50
BAS-VE_60min 27.05. 12:24 21.16 47.00 27.05. 13:24 21.36 42.00
BAS-VE_90min 27.05. 08:44 20.35 51.00 27.05. 10:14 20.68 50.00
BAS-VE_100min 06.07. 11:16 28.05 50.00 06.07. 12:56 28.23 46.00
BAS-VE_2h 27.05. 13:26 21.34 42.00 27.05. 15:26 21.51 39.50
BAS-VE_3h 27.05. 08:46 20.35 51.00 27.05. 11:46 21.02 50.50
BAS-VE_200min 06.07. 10:35 27.99 51.00 06.07. 13:55 28.37 41.00
BAS-VE_4h 27.05. 12:26 21.18 51.00 27.05. 16:26 21.94 35.50
BAS-VE_4-5h 06.07. 10:33 27.96 51.00 06.07. 15:03 28.53 41.00
BAS-VE_5h 27.05. 12:30 21.18 47.50 27.05. 17:30 22.30 36.00
BAS-VE_5h 06.06. 10:02 23.68 50.00 06.06. 15:32 24.21 48.50
BAS-VE_6h 27.05. 08:48 20.36 51.00 27.05. 14:48 21.51 40.00
BAS-VE_7h 06.07. 10:31 27.97 51.00 06.07. 17:31 28.55 49.00
BAS-VE_8h 27.05. 10:22 20.70 50.00 27.05. 18:22 22.17 35.50
BAS-VE_10h 27.05. 08:50 20.37 51.00 27.05. 18:50 22.18 35.00
BAS-VE_12h 27.05. 20:00 22.26 37.00 28.05. 08:00 22.60 40.00
BAS-VE_14h 05.06. 18:00 23.32 51.50 06.06. 08:00 23.77 49.00
BAS-VE_15h 27.05. 20:00 22.25 37.00 28.05. 11:00 22.53 42.00
BAS-VE_16h 05.06. 18:02 23.31 51.50 06.06. 10:02 23.68 50.00
BAS-VE_20h 05.06. 18:06 23.35 51.50 06.06. 14:06 24.03 48.50
BAS-VE_20-25h 28.05. 17:00 23.08 44.50 29.05. 13:16 23.35 43.00
BAS-VE_22h 05.06. 18:08 23.33 51.50 06.06. 16:08 24.31 48.00
BAS-VE_1d 27.05. 08:52 20.37 51.00 28.05. 08:52 22.53 41.00
BAS-VE_1d 27.05. 10:20 20.68 50.00 28.05. 10:20 22.44 42.00
BAS-VE_1d 27.05. 12:28 21.18 50.00 28.05. 12:28 22.71 45.00
BAS-VE_1d 27.05. 13:28 21.35 42.00 28.05. 13:28 22.78 47.00
BAS-VE_1d 27.05. 12:34 21.21 47.50 28.05. 14:34 22.89 48.50
t
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5.4. System response dependency on degree of cure

With the aforementioned evolution equation of 𝜙, we obtain the
degree of cure for both adhesive mortars, BAS-VE and BAS-EP.

We emphasize that the fully cured state (𝜙 = 1) for BAS-VE is
eached at a curing time of around 115 min at room temperature. While
he curing degree for earlier tests increases almost linearly, it levels off
pproaching the fully cured state after 115 min. Tests, after this curing
tate is reached, indeed show no systematic changes in bond strength,
ee Fig. 4a and Fig. 6a, while the substantial changes in stiffness as
bserved in Fig. 5a, c result in a comparably large cloud of datapoints
t 𝜙 = 1, see Fig. 6c.

For BAS-EP, we indeed see a trend in Fig. 6b between the bond
trength, 𝜏, plotted against the degree of cure, 𝜙. It is seen that the bond
trength, 𝜏, follows a power-law function and increases with increasing

as expected. For tests performed at 𝜙 ≥ 0.9, the bond-strength, 𝜏,
evels off. In Fig. 6d, however, the stiffness values, 𝐾, demonstrate a
ubstantial increase for the regime of 𝜙 ≥ 0.9. As for the stiffness-time-
elationship in Fig. 5(b), two power law functions are used to capture
his phenomenon. Since the curing degree is highly influenced by the
uring time, the demonstrated trend is analogous to Fig. 4(b). While the
tiffness 𝐾 for tests with a curing degree 𝜙 of 0.7 to 0.97 is basically
onstant, the stiffness for tests with 𝜙 > 0.99 is increased, which was
lready noticed when plotting the stiffness against the curing time, but
s even more pronounced for the curing degree in Fig. 6(d), stressing the
resence of a second mechanism possibly related to hydrolytic effects,
ee a recent study on hydrolytic aging effects [81].

. Conclusions

A large experimental campaign and the corresponding analysis on
10

wo commonly used bonded anchor systems were carried out in order
o investigate the influence of the mortar-curing effects on the anchor
esponse in a time range from hours to weeks. Therefore, the confined
ull-out tests were performed in a range reaching from a few minutes
p to three month after anchor installation. For both investigated
dhesive mortars a numerical model was developed to numerically
etrieve the degree of cure for each structural anchor test. The following
onclusions could be drawn:

1. The full anchor capacity by means of pull-out load and bond
strength for BAS-VE is reached fast and does not show any sig-
nificant, cure-dependent increase with time when the minimum
curing time according the manufacturer is reached.

2. The anchor capacity increases with time for tests performed at
less than 12 h curing time for the epoxy based system (BAS-
EP). The approved anchor capacity is reached according the
manufacturer given curing times. Longer curing times do not
show any significant increase in the anchor capacity.

3. Since both investigated bonded anchor systems reach the ap-
proved anchor capacity within the regulated time and tem-
perature regulations, and the current EAD requires compliance
with manufacturers’ installation instructions, no changes in the
assessment practice seem warranted. The further development
of anchor properties beyond this point indicates a conservative
trend.

4. The anchor stiffness, 𝐾, shows an increase with the curing time
for BAS-VE, while the displacement at peak is decreasing in a
similar manner.

5. While the observed anchor stiffness, 𝐾, of BAS-EP close to the
approved minimum curing time are quite stable until one week
after installation, for later testing ages a strong increase can be
observed, especially at 28 and 90 days.

6. For both bonded anchor systems the stiffness is increasing for

longer curing times, although the curing process is, according to
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Table 11
Part 2.

Label Date Time Temp Humidity Date Time Temp Humidity
DD:MM HH:MM ◦C % DD:MM HH:MM ◦C %

INSTALLATION TEST

BAS-VE_4d 02.07. 17:05 29.32 44.50 06.07. 16:02 28.66 46.50
BAS-VE_4d 02.07. 17:05 29.30 44.50 06.07. 14:25 28.43 41.00
BAS-VE_4d 02.07. 17:05 29.28 44.50 06.07. 15:32 28.64 41.00
BAS-VE_4d 02.07. 17:05 29.29 44.50 06.07. 16:53 28.64 47.00
BAS-VE_4d 02.07. 17:05 29.31 44.50 06.07. 12:12 28.16 46.50
BAS-VE_1w 27.05. 08:54 20.38 51.00 05.06. 09:31 23.50 55.00
BAS-VE_1w 27.05. 10:18 20.67 50.00 05.06. 10:48 23.31 56.00
BAS-VE_1w 27.05. 12:32 21.20 47.50 05.06. 12:32 23.59 54.50
BAS-VE_1w 27.05. 13:30 21.35 40.50 05.06. 14:15 23.74 52.50
BAS-VE_1w 27.05. 12:36 21.22 47.50 05.06. 15:51 23.43 53.00
BAS-VE_3w 06.06. 10:04 23.67 50.00 29.06. 17:17 25.16 68.00
BAS-VE_1mo 27.05. 08:56 20.39 51.00 29.06. 10:53 26.00 68.00
BAS-VE_1mo 27.05. 10:16 20.67 50.00 29.06. 12:05 25.90 72.00
BAS-VE_1mo 27.05. 12:40 21.24 47.50 29.06. 15:34 25.43 73.00
BAS-VE_1mo 27.05. 13:32 21.37 40.50 29.06. 16:06 25.30 73.00
BAS-VE_1mo 27.05. 12:38 21.23 47.50 29.06. 14:31 25.59 72.00
BAS-VE_3mo 30.06. 17:08 27.76 59.00 01.10. 09:45 21.75 53.00
BAS-VE_3mo 30.06. 17:08 27.74 59.00 01.10. 10:51 21.95 50.50
BAS-VE_3mo 30.06. 17:08 27.76 59.00 01.10. 12:44 22.07 50.00
BAS-VE_3mo 30.06. 17:08 27.78 59.00 01.10. 11:52 22.05 50.50
BAS-VE_3mo 30.06. 17:08 27.79 59.00 01.10. 13:06 22.01 50.00
BAS-EP_3-5h 29.05. 08:46 23.60 43.00 29.05. 12:16 23.33 45.50
BAS-EP_4h 29.05. 13:26 23.38 43.00 29.05. 17:26 23.37 47.00
BAS-EP_4-5h 29.05. 13:24 23.35 43.00 29.05. 18:00 23.36 47.00
BAS-EP_5h 29.05. 13:30 23.36 43.50 29.05. 18:30 23.32 51.00
BAS-EP_5-5h 29.05. 08:44 23.60 43.00 29.05. 14:15 23.40 43.50
BAS-EP_6h 29.05. 08:48 23.60 43.00 29.05. 14:48 23.41 45.00
BAS-EP_6-5h 29.05. 09:56 23.36 44.50 29.05. 16:36 23.36 50.50
BAS-EP_7h 29.05. 08:40 23.60 43.00 29.05. 15:40 23.40 50.00
BAS-EP_8h 29.05. 11:22 23.33 46.00 29.05. 19:22 23.26 51.50
BAS-EP_10h 29.05. 09:50 23.39 44.50 29.05. 19:50 23.21 51.00
BAS-EP_12h 29.05. 20:00 23.19 53.50 30.05. 08:00 23.08 40.00
Fig. 7. Recorded ambient humidity history during full campaign. The blue circles mark the installation points and the red dots label the instant of the anchor tests. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
the predicted curing degree, (almost) completed. These changes
cannot be explained by curing, but may be related to other long
term phenomena, which need further investigation.

Although, all anchor pull-out tests carried out according to the
anufacturers’ specifications reached the regulated values, the inves-

igation could demonstrate cure- and time-dependent influences on
11
the anchor response. As summarized, the pull-out capacity did not
significantly change as the approved testing-times were adhered, while
the stiffness showed a significant increase with curing time. Since
at this time no conclusive explanation for the observed long-term
changes could be offered, a further investigations should be consid-
ered. Such results could provide much value for future life-cycle and
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Fig. 8. Enlarged sections of recorded core (black)- and ambient (green) temperature history during full campaign. Full history provided in Fig. 3.
robustness assessments of bonded anchors, especially if based on nu-
merical modeling.
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Table 12
Part 3.

Label Date Time Temp Humidity Date Time Temp Humidity
DD:MM HH:MM ◦C % DD:MM HH:MM ◦C %

INSTALLATION TEST

BAS-EP_13h 29.05. 20:02 23.17 53.50 30.05. 09:02 22.82 41.50
BAS-EP_14h 05.06. 19:00 23.41 51.00 06.06. 09:00 23.68 49.00
BAS-EP_15h 28.05. 17:00 23.10 44.50 29.05. 08:06 23.44 43.00
BAS-EP_15h 28.05. 17:00 23.11 44.50 29.05. 08:29 23.47 43.00
BAS-EP_16h 05.06. 19:02 23.41 51.00 06.06. 11:02 23.71 46.50
BAS-EP_18h 05.06. 19:04 23.43 51.00 06.06. 13:04 23.90 47.00
BAS-EP_20h 05.06. 19:06 23.43 51.00 06.06. 15:06 24.16 48.00
BAS-EP_22h 05.06. 19:08 23.40 51.00 06.06. 17:08 24.58 46.00
BAS-EP_1d 29.05. 09:52 23.38 44.50 30.05. 11:22 22.81 39.50
BAS-EP_1d 29.05. 11:20 23.35 46.00 30.05. 09:52 22.75 42.00
BAS-EP_1d 29.05. 13:28 23.37 43.00 30.05. 13:28 22.80 37.00
BAS-EP_1d 29.05. 14:28 23.37 43.50 30.05. 14:28 22.86 36.00
BAS-EP_1d 29.05. 13:34 23.36 43.50 30.05. 15:04 22.92 35.00
BAS-EP_1w 29.05. 09:54 23.37 44.50 05.06. 09:54 23.50 55.00
BAS-EP_1w 29.05. 11:18 23.35 46.00 05.06. 11:48 23.50 55.00
BAS-EP_1w 29.05. 13:32 23.36 43.50 05.06. 13:32 23.67 53.50
BAS-EP_1w 29.05. 14:30 23.40 45.00 05.06. 15:15 23.52 53.50
BAS-EP_1w 29.05. 13:36 23.37 43.50 05.06. 16:51 23.23 54.50
BAS-EP_1mo 29.05. 14:26 23.38 43.50 29.06. 11:34 25.91 71.50
BAS-EP_1mo 29.05. 11:16 23.35 46.00 29.06. 13:04 25.75 68.50
BAS-EP_1mo 29.05. 13:40 23.36 43.50 29.06. 13:54 25.70 66.00
BAS-EP_1mo 29.05. 14:32 23.39 45.00 29.06. 16:48 25.21 72.00
BAS-EP_1mo 29.05. 13:38 23.36 43.50 29.06. 15:02 25.49 72.00
BAS-EP_3mo 30.06. 17:19 27.84 59.00 01.10. 11:27 22.01 50.00
BAS-EP_3mo 30.06. 17:19 27.83 59.00 01.10. 13:31 21.95 50.00
BAS-EP_3mo 30.06. 17:19 27.82 59.00 01.10. 14:05 22.00 50.50
BAS-EP_3mo 30.06. 17:19 27.82 59.00 01.10. 14:35 21.50 51.50
BAS-EP_3mo 30.06. 17:19 27.85 59.00 01.10. 12:20 22.13 50.00
BAS-EP_3mo 30.06. 17:19 27.85 59.00 01.10. 10:20 21.82 52.00
Annex

See Tables 10–12 and Figs. 7 and 8.
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